The inclusion of silver plasmonic nanoparticles in silicon is highly relevant for photovoltaics as it may enhance optical absorption. We report an investigation of the stability of such pristine silver nanoparticles embedded in a-Si upon heat treatment. We have investigated the morphological changes via in situ and ex situ high-resolution and high-angle annular darkfield scanning transmission electron microscopy (HRTEM and HAADF STEM). The melting of Ag particles and subsequent interdiffusion of Ag and Si atoms are strongly related to the size of the Ag nanoparticles, as well as the presence of surface imperfections. Partial voids in the amorphous-Si framework are formed where sections of the Ag nanoparticles are found preferentially to diffuse away due to geometric instability. Computational simulations using ensemble molecular dynamics confirm the experimental results: the structural properties of the amorphous-Si environment are important as well as incomplete packing of the Ag nanoparticle surfaces. These factors affect the melting temperature, causing some parts of the Ag nanoparticles to dissolve preferentially and other areas to remain stable at high temperatures.
■ INTRODUCTION
The deliberate encapsulation of metallic nanostructures, particularly nanoparticles (NPs), inside semiconducting materials has shown promise for thin-film photovoltaic applications 1−5 and in the development of biomolecule imaging techniques, such as surface-enhanced Raman scattering, 6−9 due to near-field plasmonic absorption induced by the embedded NPs. 1, 4 In the development of thin-film solar cells, silver has typically been used as a back contact for materials such as crystalline-and amorphous-silicon (c-Si and a-Si, respectively). 10−13 However, the increasing need to minimize manufacturing costs requires a reduction in the amount of high-quality semiconductor material used in a solar cell while maintaining high efficiency. 5 Therefore, the embedding within silicon of silver NPs (Ag NPs), and bimetallic composites, is currently of interest due to the strong, tunable plasmonic absorption by the NP in the visible region of the solar radiation spectrum. 14−17 To maximize the efficiency of embedded Ag NPs in photovoltaic applications, an understanding of the size, shape, and stability of the NPs is necessary. 5, 16, 18 Previous work has shown that direct imaging using electron microscopy provides quantitative information about the size and shape of NPs, 19−23 while optical characterization illustrates the tunability of the absorption spectrum. 18, 24, 25 Knowledge of the stability of the embedded Ag NPs, however, is limited to hypotheses made from studies carried out on bulk interfaces, where diffusion of Ag in Si materials is found to be slow, 26, 27 which is corroborated by computational studies of the large energy barriers for the penetration of Ag atoms into c-Si (111) surfaces. 28, 29 In this article, we look to advance this field by reporting our observations on the stability of pristine Ag NPs encapsulated in a-Si, with respect to size and structure, when heated using in situ high-resolution transmission electron microscopy (HRTEM). We find evidence of correlations between the size of the Ag NPs, as well as the presence of surface imperfections on the Ag NPs, and the interdiffusion of Ag and Si atoms. Our results are illuminated via computational simulations using ensemble molecular dynamics, where the properties of the a-Si environment are also shown to be influential. We also report the formation of partial voids in the a-Si framework, where sections of the Ag NP are found to diffuse away preferentially due to geometric instability. ■ METHODOLOGY Experiment. Ag NPs and a-Si composites were produced in a dedicated vacuum system that contains a NC200U-B cluster source (Oxford Applied Research) 30, 31 and a magnetron sputter source for thin-film deposition. The cluster and sputter sources had a background pressure of ∼10 −8 mbar and are connected via a central chamber such that samples can be transferred while maintaining vacuum conditions of ∼10 −5 mbar during sample transport. The composite systems of Ag NPs and a-Si, henceforth referred to as Ag-a-Si, were produced via a three-step protocol: (i) deposition of an a-Si layer on a SiN TEM grid; (ii) deposition of the Ag NPs, produced with a DC magnetron power of 30 W using Ar plasma and a 99.99% pure Ag target; (iii) deposition of another a-Si layer, effectively encapsulating the Ag NPs. The specimens, schematically represented in Figure 1 , were loaded into a Gatan heating holder and heated in situ inside an aberration-corrected FEI Titan microscope from room temperature (RT, 293 K) to a temperature, T, of 1173 K, in incremental temperature steps of 50 K. HRTEM images of the NPs were acquired in situ during the thermal treatment, as well as at RT pre-and postheating. Postheating images were also acquired using high-angle annular dark field scanning TEM (HAADF STEM). It is expected that a thin oxide film forms on the a-Si surface when the sample is exposed to air, e.g., when transferred to the microscope; electron energy loss spectroscopy (EELS) measurements show the presence of 4−5% oxygen in the a-Si film. The encapsulation of the Ag NPs, however, ensures that they remain ultraclean, and no silver oxide is formed.
Computational Simulations. Isothermal−isobaric (NPT) ensemble molecular dynamics calculations were performed to complement our experimental work, simulating the annealing of Ag NPs embedded in a-Si; details of the settings and parameters used are provided in the SI. The a-Si models were created by subjecting a bulk Si supercell, containing 8000 Si atoms, to a rapid heat/quench cycle as discussed in the SI. The Ag NPs were then inserted at the center of the a-Si supercell, with all Si atoms within 1.7 Å of the Ag NP removed, creating the composite Ag-a-Si systems; for gas-phase calculations the same unit cells were used only with all the bulk Si atoms removed. Then, following thermal equilibration, the composite systems were annealed from T = 0 K to T = 1000 K in 10 K intervals, at a rate of 10 K/10 ps, using a time step (Δt) of 0.001 ps (i.e., 10 000 steps at each T). An ensemble was achieved by repeating the above process ten times, for each necessary calculation, with different random number seeds, and the results are then reported as an average over each ensemble unless explicitly stated otherwise.
■ RESULTS AND DISCUSSION
Two samples were studied experimentally, henceforth named S1 (nominally 15 nm a-Si/layer, Figure 1a ) and S2 (nominally 35 nm a-Si/layer, Figure 1b ), with the preheating HRTEM examination showing Ag NPs with a mean diameter (d) of 9.4 ± 1.2 and 31.9 ± 10.0 nm, respectively (measurements taken from 15 NPs in each case). Figure 2a presents a preheating HRTEM image of a Ag NP in S1 with d ≈ 8 nm. The fast Fourier transform (FFT) pattern of the image (Figure 2b ) reveals that the particle is not a single crystal but contains multiple twinning planes joining (111) faces, as highlighted with white arrows, which was observed consistently for NPs in S1, with additional HRTEM images and discussion provided in the Supporting Information (SI). Comparing these images with simulated HRTEM images of Fe NPs 32 leads us to conclude that the silver NPs in S1 have an icosahedral (Ih) structural motif, which is a polyhedron with 20 (111) faces. The predominant observation of Ih structures for the NPs in S1 is in contrast to the gas-phase theoretical predictions, where Ih motifs are favored for d < 2 nm, due to their close to spherical geometry and subsequent low surface area, whereas decahedral and truncated octahedral are more stable when d > 2 nm. 33, 34 We conclude, therefore, that the larger of the observed Ih-structured Ag NPs are likely to be stabilized by the encapsulating a-Si, which will affect the relative energies of competing surfaces. Incomplete rows of atoms along the surface facets, e.g., perpendicular to the red arrow in Figure  2a , can also be observed in NPs in S1 prior to heating.
In contrast to the predominately Ih NPs in S1, a wider variety of NP shapes could be seen in S2 (Figure 3) , in contrast to theoretical predictions that show bulk-crystalline fcc structures are to be expected. 32, 34 The size of the nanoparticles of the S2 sample is considerably greater than S1, which will play a dominant role in the change in stability of the different morphologies; however, the embedding a-Si layer is also thicker, and it could be possible that this thicker layer exerts an increased constraining force on the particle. Although the thicker layer of embedding a-Si for S2 makes it extremely challenging to record HRTEM images and analyze the particle structures in detail, the variety of 2D outlines for NPs in Figure 3 clearly indicates that a range of structures are present. For consistency in our present work we focus our analysis of S2 only on the morphological changes that occur for the Ih NPs as the result of heating.
Upon heating the samples, we observed changes in nanoparticle morphologies: Figure 4 follows the outline of an Ih Ag NP in S2 with d ≈ 25 nm, using TEM, as it is heated from RT to 1173 K. A minimal change in the NP structure is seen for T < 773 K; however, surface indentations appear at 873 K, and with further heating (T > 923 K) the sample starts to change shape and lose material, with the direction of loss of Ag atoms highlighted by the white arrows in Figure 4 . The directionality of the Ag loss from the particle is remarkable and suggests that the atomic structure is of importance. Defects at the particle surface are likely to stimulate the detachment of Ag atoms until a perfect, uninterrupted atomic plane is formed: the presence of a defect makes the Ag diffusion or dissolution energetically possible, whereas the removal from a perfect plane requires much more energy. When the same in situ characterization was performed during heating of S1, focusing specifically on an Ih Ag NP with d = 9.0 nm (Figure 3, SI) , we observed that material began to migrate out from the Ag NP for T > 773 K, i.e., at lower temperatures than in S2. For both samples, the NP size appears to decrease slightly during heating.
In order to understand better our observations, we examined the sample postheating using HAADF STEM, where diffraction contrast is negligible and image intensity is primarily dependent on the atomic number, Z, of an element. 19 Figure 5 presents HAADF STEM images of different Ag NPs from S1 at RT after annealing to 773 K; more images and analysis are provided in the SI. The following observations can be made: (i) a greater variety of Ag NP morphologies are observed postheating than prior; (ii) parts of the Ag NPs disappear, leaving voids in the a-Si that are not observed during preheating (e.g., Figure 5b ); (iii) Ag atoms remain present in the surrounding a-Si in a random arrangement, as confirmed using energy-dispersive spectroscopy (EDS), with the resulting Ag distribution visible as a "halo" in the HAADF STEM images (Figure 5a ). Furthermore, the migration of the Ag atoms into or onto the a-Si matrix appears to be specific to certain parts of the NPs, as seen in Figure 5b (and Figures 4−6 in the SI). Particularly, the 120°angle between the remaining surface planes of the NP at the void is important, as it points to a strong relation between the crystal structure and detachment/dissolution of Ag atoms. The majority of voids in the a-Si matrix occur in S1 for NPs with d < 5 nm indicating a significant size dependence for the diffusion of parts of the Ag NPs.
The preferential detachment and subsequent diffusion of parts of the Ag NP, in some cases leaving voids in the a-Si structure, lead to several questions with respect to the properties of the Ag/ a-Si system and specifically the Ag/a-Si interface. The Si−Ag phase diagram indicates that mixtures with high Ag concentrations result in a melting temperature (T m ) of ∼1108 K, 35 illustrating the possibility of Ag/Si interfacial interdiffusion as found in research on solar cell applications, 36, 37 though in general the mobility of Ag in Si is much lower than witnessed in our work. 26, 27 A variation in the thermal stability depending on NP size is to be expected, given that previous work has shown that the melting temperature of Ag NPs increases with nanoparticle radius. 38−40 Although a systematic size dependence was not studied in this work, the change in T m as observed by our simulations and experiments likely holds for a larger size range and therefore forms a qualitative explanation of the experimental results. For example, the melting temperature and subsequent detachment of silver atoms could be stimulated by the presence of structural defects. Surface imperfections, such as incomplete packing of surface atoms, are visible in some of our samples, with an example highlighted in Figure 2a by a red arrow.
Previous computations of melting in metallic NPs showed that superheating is possible in the absence of surface defects, when the NPs have well-defined clean boundaries, 41, 42 and thus the interdiffusion of Ag and Si atoms is perhaps increased by surface defects. Explicit studies of atomic Ag migration into Si are limited to computational first-principles analysis of the Ag adsorption onto c-Si surfaces: 28, 29 Julg and Allouche reported that "valley" sites (i.e., voids on the c-Si surface) were the most stable position for the adsorption of small Ag clusters, with an adsorption energy of 3.3 eV/atom, in agreement with experiment. Furthermore, it was also determined that the penetration of Ag atoms into the c-Si is impossible without considerable distortion energy, 28 due to the limited interspatial region between Si atoms; this finding was confirmed by Chou et al., who reported a penetration barrier for a Ag atom into a Si(111) surface of 2.30 eV, which is very large, for example compared to a barrier of 0.17 eV for Cu atoms. 29 To understand the interdiffusion of Ag and Si in our experimental observations, we simulated the annealing of Ag NPs embedded in a-Si using NPT ensemble molecular dynamics calculations, where N, P, and T indicate constant moles, pressure, and temperature, respectively, in each step of the simulation. The embedded Ag NPs were constructed with 147 atoms (N), corresponding to a geometrically closed shell NP of d ≈ 1.5 nm. The Ag NPs were modeled as both cuboctahedra (CO) and Ih, as these structures have different crystal packing and surface types but identical "closed-shell" geometric arrangements for N = 147: the CO, which is a bulk face-centered cubic (fcc) fragment, has 8 (100) surfaces and 6 (111) surfaces, whereas the Ih is a more tightly packed geometric motif with 20 (111) surfaces. 33, 34 Upon initial heating, however, the CO performed a martensitic transformation to an Ih 43 at T ≈ 120 K, as deduced from analysis of the Ag−Ag radial distribution function (RDF), which is presented in the SI; the transformation is due to the lower energy and, thus, higher stability of the Ih at small sizes. The martensitic transformation occurs at a significantly higher T in the equivalent gas-phase NPs, at T ≈ 230 K, and so the lower transition T for the embedded Ag NP is attributed to the high internal strain of the nanoparticle, due to the unfavorable CO structure, being complemented with destabilization by the strong Ag−Si interactions: the Ag−Si interactions are 0.75 eV/atom stronger than the Ag−Ag interactions in our test calculations.
For T > 400 K, there is a significant decrease in the number of distinct peaks in the RDFs (Figure 6 ), from six to three, with the remaining peaks shifted now to align with those of the Ih. At T = 500 K, we begin to see interdiffusion of Si and Ag atoms, with on average three Si atoms diffusing in to the Ag NPs, as documented in Table 1 , which increases up to 12 (31) Si atoms within the Ag NP at T = 700 (1000) K, resulting in an increased amplitude for the Ag−Si RDF (Figure 14, SI) . These calculations were compared to "defective" Ag NPs, where the 13 vertex atoms of the NPs were exchanged for Si atoms at the beginning of the simulations, and it was noted that Ag−Si interdiffusion was more prevalent in this case at T = 500 and 700 K, with on average 8 and The Journal of Physical Chemistry C Article DOI: 10.1021/acs.jpcc.5b07324 J. Phys. Chem. C XXXX, XXX, XXX−XXX observation clearly indicates that increased interdiffusion of Ag and Si atoms can occur at low T when surface imperfections, such as defects, are present in the Ag NP. The observed mobility of Si atoms into the Ag NPs in the calculations is due to the weakness of the Ag−Ag interactions compared to the stronger Si−Si interactions (computed as 2.95 end 4.63 eV, respectively). The large thermodynamic energy barriers prevent distortion of the Si−Si bond, while the weaker Ag−Ag interactions allow the inclusion of Si atoms. This result perhaps suggests that the formation of the voids in a-Si in our experiment could alternatively be caused by diffusion of Ag atoms, which are detaching at their melting point, through microcracks toward the a-Si surface, as seen in Sample S2 (Figure 7 , SI) or that the a-Si layer has some degree of porosity (microvoids), hosting the Ag atoms in pores.
Interestingly, when the influence of Si dopants on the melting temperature (T m ) of gas-phase Ag NPs was tested, single Si dopant atoms lowered the T m from 890 K (Ag 147 ) to 599 K (Ag 146 Si), whereas for 13 Si dopants the T m increases again to 843 K (Ag 134 Si 13 ), implying that small quantities of Si impurities could actually destabilize the Ag NPs while large quantities of Si impurities could stabilize the Ag NPs. This would have a strong effect on the dissolution of the larger Ag NPs (detachment of Ag atoms) seen in experiment: Si dopants stimulate localized melting and subsequent detachment of Ag surface atoms when present in low concentrations; in experiment, the sharp angles and planes of the Ag NPs, as well as the remaining complete Ag NPs, indicate that the process of melting and subsequent dissolution stops at a neighboring defect/dopant free atomic plane. In our simulations of the Ag/a-Si system, complete melting of the Ag NP was not witnessed; the preservation of order in the Ag−Ag RDF up to 1000 K for Ag/a-Si, well above the gas-phase T m , indicates that the a-Si framework stabilizes the embedded Ag NPs.
■ CONCLUSIONS
In summary, we investigated pristine Ag NPs embedded in amorphous silicon upon heat treatment with in situ TEM and ex situ HRTEM and HAADF STEM. The morphological changes in these embedded Ag NPs during extended heating highlight the preferential diffusion of Ag atoms away from NPs of small sizes, especially in the presence of surface plane defects. Parts of the Ag NPs remain stable at elevated temperatures due to their "perfect" atomic planes that resist detachment of atoms. These observations are supported by ensemble molecular dynamics calculations, where incomplete geometric shells accelerated the interdiffusion of Ag and Si atoms upon annealing. The inclusion of Si atoms inside the Ag NP shows both stabilizing and destabilizing effects, depending on the Si dopant concentration, which explains why parts of the Ag NPs preferentially dissolve and other parts remain intact, as observed by the experiment. These results show that the intricate behavior of a metal NP inside a semiconductor matrix as a function of temperature can lead to different degrees of stability. The results are of relevance to optical coatings such as those used in solar cells, where the stability of the system is important. 
